Obesity later in adulthood is associated with increased risks of many cancers. However, the effect of body fatness in early adulthood, and change in weight from early to later adulthood on cancer risk later in life is less clear. We used data from 13,901 people aged 45-64 in the Atherosclerosis Risk in Communities cohort who at baseline (1987)(1988)(1989) self-reported their weight at the age of 25 and had weight and height measured. Incident cancers were identified through 2006 and cancer deaths were ascertained through 2009. Multivariable Cox proportional hazard models were used to relate body mass index (BMI) at age 25 and percent weight change from age 25 to baseline to cancer incidence and mortality. After adjusting for weight change from age 25 until baseline, a 5 kg/m 2 increment in BMI at age 25 was associated with a greater risk of incidence of all cancers in women [hazard ratio (95% confidence interval): 1.10 (1.02-1.20)], but not in men. Associations with incident endometrial cancer were strong [1.83 (1.47-2.26)]. After adjusting for BMI at age 25, a 5% increment in weight from age 25 to baseline was associated with a greater risk of incident post-menopausal breast cancer [1.05 (1.02-1.07)] and endometrial cancer [1.09 (1.04-1.14)] in women and incident colorectal cancer [1.05 (1.00-1.10)] in men. Excess weight during young adulthood and weight gain from young to older adulthood may be independently associated with subsequent cancer risk. Excess weight and weight gain in early adulthood should be avoided.
Introduction
Excess body fatness in mid-and later-life has been consistently linked to increased risks of postmenopausal breast, endometrial, colorectal, kidney, pancreatic and esophageal cancers 1 . Cancer has a complex etiology and often has a long latent period; the process of tumor initiation, promotion, and progression can take decades. Therefore, exposure at an earlier time may influence risk of cancer later in life. However, the effect of body fatness in early adulthood, and change in weight from early to later adulthood on cancer risk later in life is less clear.
The prevalence of obesity in young adults aged 18-29 years tripled between 1971-1974 and 2005-2006 2 . This escalation in the prevalence of obesity in young adults may lead to an increased cancer burden in the future. The purpose of this study was to estimate the association of BMI at age 25 and percent weight change from age 25 to later adulthood with incidence and mortality of overall cancer and cancer at sites that have strong evidence linking them to obesity measured in mid-and later-life.
Material and Methods

Study population
The Atherosclerosis Risk in Communities (ARIC) study is a cohort study of atherosclerosis and cardiovascular disease in four U.S. communities. From 1987 to 1989, 15,792 men and women aged 45-64 were recruited from Forsyth County, North Carolina; Jackson, Mississippi; the northwestern suburbs of Minneapolis, Minnesota; and Washington County, Maryland 3 . Upon entering the study, the participants received an extensive baseline examination, including medical, social and demographic data. Follow-up examinations occurred three times at approximately 3-year intervals. Annual follow-up telephone calls were made between exams to maintain contact with participants and ascertain interim clinical events. The ARIC study was approved by the Institutional Review Board (IRB) of each field center. This analysis was approved by the University of North Carolina at Chapel Hill non-Biomedical IRB on research involving human subjects.
Exposure assessment
All exposures included in this analysis were ascertained at the baseline visit. Participants were asked to recall their weight in pounds at age 25. Baseline height to the nearest centimeter (cm) and weight to the nearest pound were measured by clinic technicians with the participants wearing a scrub suit and no shoes. Body mass index (BMI) at age 25 was calculated using baseline height with the formula weight (kg)/height 2 (m 2 ). BMI at age 25 were categorized as underweight (<18.5 kg/m 2 ), normal weight (18.5 to <25.0 kg/m 2 ), overweight (25.0 to <30.0 kg/m 2 ) or obese (≥30.0 kg/m 2 ). The percent weight change from age 25 to baseline was calculated as [(weight at baseline-weight at age 25)/weight at age 25] × 100% and categorized 4 as weight loss (<−3%), weight maintenance (−3 to <3%), weight gain 1 (3 to <10%) and weight gain 2 (≥10%).
Covariates assessed by interviewer-administered questionnaires at baseline included education, cigarette smoking, alcohol consumption, physical activity and reproductive history. Education was categorized as less than high school graduate, high school graduate and at least some college. From the participants' responses on smoking, we coded the cigarette smoking status at age 25 (yes/no) and at baseline (never, former or current smoker). The participants were asked about the frequency and the number of drinks they usually have per week for wine, beer and hard liquor respectively. The usual ethanol intake (g/wk) was calculated as the sum of the product of the daily frequency of each type of beverage and the typical ethanol content of each type of beverage (4-oz glass of wine: 10.8 g, 12-oz bottle or can of beer: 13.2 g, 1.5-oz shot of hard liquor: 15.1 g 5 . The participants' drinking status was classified as never or rare, former, current light (0-30 g/wk), current moderate (30-70 g/wk in women and 30-140 g/wk in men) and current heavy (>70 g/wk in women and >140 g/wk in men) 6 . Physical activity was assessed using the Baecke questionnaire 7 and the participants were categorized according to tertiles of the sport index during leisure time. The female participants were asked their age when menstrual periods started; whether they had reached menopause; and age when menopause began.
Case ascertainment
The case ascertainment method was described previously 8, 9 . Briefly, incident cancer was ascertained from 1987 to 2006 through linkages to cancer registries and supplemented by hospital records. Cancer deaths through the end of 2009 were ascertained from death certificates. Nine deaths from pancreatic cancer and another 9 deaths from esophageal cancer before 2006 were found to be the first report of these cancers, and these deaths were considered incident cancer cases as well.
Exclusions
From the original ARIC cohort (n=15,792), we excluded participants who were not black or white (n=48) and those from Minneapolis, MN and Washington County, MD who were black (n=55) as a standard in this cohort 10 . We also excluded those whose weight at age 25 was missing (n=187); those whose weight at baseline was missing (n=26); those who reported a prior cancer diagnosis at baseline (except non-melanoma skin cancer); and those with missing information on cancer (n=1052), education, cigarette smoking, alcohol consumption or physical activity at baseline (n=131), or cigarette smoking at age 25 (n=63). In addition, we excluded those diagnosed with cancer (except non-melanoma skin cancer) during the first 3 years of follow-up (n=331) to minimize reverse causation. The analysis sample size was 13,901 (7,569 women and 6,332 men).
Statistical analysis
The analysis was conducted separately for men and women. The associations of BMI at age 25 and percent weight change from age 25 to baseline with cancer incidence and mortality were examined for cancer overall (any cancer except non-melanoma skin cancer), the group of obesity-related cancers (in women: colorectal, endometrial, kidney, pancreatic and esophageal cancer combined; in men: colorectal, kidney, pancreatic and esophageal cancer combined), and the following obesity-related cancer sites: post-menopausal breast cancer, colorectal cancer and endometrial cancer 1 . Cancer-specific analyses were not done for kidney cancer, pancreatic cancer and esophageal cancer due to the small number of cases (<55 in both men and women). When examining post-menopausal breast cancer, we used the first visit at which the participant self-reported reaching menopause as the "baseline" visit; because this baseline differed from that of the other cancers, we did not include postmenopausal breast cancer in the group of obesity-related cancers in women. Time to cancer incidence was calculated as the time from baseline to December 31, 2006 , the date of the first primary cancer diagnosis, death or loss to follow-up, whichever occurred first. Time to cancer mortality was calculated as the time from baseline to December 31, 2009, death or loss to follow-up, whichever occurred first.
Adjusted hazard ratios (HR) were calculated using Cox proportional hazards regression. If the overweight or obese categories had <10 cases, then the two BMI categories were combined to increase stability of the effect estimates. To test for linearity of the associations, we examined the association between continuous BMI and hazard rates by fitting models with linear, quadratic forms, or quadratic splines and then comparing the nested models using likelihood ratio tests at significant level of 0.05. If a linear association was supported, adjusted HRs were also calculated for a 5 kg/m 2 increment of BMI. Three adjusted models were fit: model 1 included race-center, age and height at baseline, education, cigarette smoking status at age 25, and age at menarche (for breast cancer, endometrial cancer, and obesity-related cancers in women); model 2 included the above covariates and the following variables at baseline: cigarette smoking, alcohol consumption and physical activity, menopause status (for endometrial cancer and obesity-related cancers in women) and age at menopause (for post-menopausal breast cancer; model 3 further included percent weight change category from 25 to baseline. Similarly for percent weight change categories, two models were fit to calculate HRs adjusted for above covariates with and without BMI at age 25. If a linear association was supported, adjusted HRs were also calculated for a 5% increment of weight change. The proportional hazards assumption was tested with correlation of scaled Schoenfeld residuals with time. The proportional hazards assumption was not met for age, thus interaction terms of age with time were added to the models. Interaction between BMI at age 25 and weight change was tested at an α-level of 0.10, and none was detected.
In order to further separate the effects of BMI at age 25 and weight change, we conducted two subgroup analyses: one among those who maintained weight, a second among those who had normal weight at age 25. For the first analysis, models were fitted adjusting for all covariates except weight change to examine the effect of BMI at age 25. Similarly, for the second analysis, models were fitted to examine the effect of weight change.
Results
The descriptive characteristics of the cohort are presented in Table 1 . Seventy-seven percent of women and 62% of men were normal weight at age 25, while only 36% of women and 27% of men were in the normal weight range at baseline when participants were between 45 and 64 years of age. On average women gained 33 lbs (27%) and men gained 22 lbs (15%) between age 25 and baseline.
As shown in Table 2 , the association of BMI at age 25 with cancer incidence was mainly seen in women. After adjustment for lifestyle factors and weight change from age 25 to baseline, being overweight or obese at age 25 was associated with an increased risk of 5 obesity-related cancer combined in women. Examined separately, the association with incident endometrial cancer was especially strong. Being underweight at age 25 was associated with lower risk of post-menopausal breast cancer.
Being obese at age 25 was associated with higher risk of death from obesity-related cancers in men (Table 3) . Although based on a small sample size, higher BMI at age 25 was associated with greater risk of endometrial cancer mortality in women (Table 3 ).
In the subgroup analysis of subjects who maintained weight (441 women and 727 men), there were only sufficient case numbers for the analyses of any cancer and obesity-related cancer combined. The results, although not statistically significant, confirmed the above findings of the effect of BMI at age 25 independent of weight change: the obese women at age 25 appeared to have a higher risk of obesity-related cancer [HR (95%CI) = 1.69 (0.19-14.92)] and the obese men at age 25 appeared to have a higher risk of death from obesity-related cancers [1.72 (0. 34-8.63 )] compared to those of normal weight at age 25.
For weight change, the adjusted HRs with or without BMI at age 25 were very similar (Table 4 and 5) . No significant findings were observed for weight change categories. However, when using the linear form of weight change, in women higher weight change was found to be associated with higher risk of incident post-menopausal breast cancer, endometrial cancer and obesity-related cancer combined, as well as higher risk of death from post-menopausal breast cancer and colorectal cancer. In men, higher weight change was associated with higher risk of incident obesity-related cancer combined and colorectal cancer.
In the subgroup analysis of subjects who were of normal weight at age 25 (5821 women and 3929 men), the results were also consistent with the findings in the primary analyses: in women, 5% weight gain was associated with a significantly higher risk of incident postmenopausal breast cancer [ In the primary analysis we excluded the first three years of follow-up to minimize reverse causation. Nevertheless, the results were similar when including cases diagnosed during the first three years of follow-up (data not shown). The results were similar to overall when restricting to participants who never smoked (data not shown). The results for total cancer incidence and mortality in men were unchanged after excluding prostate cancers (data not shown).
Discussion
Our analyses showed that after controlling for subsequent weight change, higher BMI at age 25 was associated with a higher risk of any cancer and 5 types of obesity-related cancers combined in women. Examined separately, the association between BMI at age 25 and endometrial cancer in women was especially strong. After controlling for BMI at age 25, weight gain was associated with a higher risk of 5 types of obesity-related cancers in both women and men, as well as a higher risk of post-menopausal breast cancer. Studied separately, endometrial cancer in women and colorectal cancer in men were positively associated with weight gain. Weight gain was also associated with death from any cancer, post-menopausal breast cancer and colorectal cancer in women.
Existing literature has provided convincing evidence that obesity as measured in middle and later age is associated with higher risk of the six site-specific cancers we examined 1 . Body weight at middle and later adulthood is a combination of body weight at early adulthood and the subsequent weight change. This study attempted to tease apart the effects from BMI at early adulthood and adulthood weight change on cancer risk. We identified evidence for an association of obesity-related cancer risk with both BMI at age 25 and subsequent weight gain in women, but in men the association was only seen for weight change. The findings could be translated into a public health message that avoiding adulthood weight gain is important for everybody, while keeping a healthy weight at early adulthood is particularly important for women.
The risk of excess body weight in early life has been most extensively studied for breast cancer. The majority of studies showed an inverse association between increased adiposity in early life and pre-menopausal breast cancer [11] [12] [13] [14] [15] [16] [17] [18] [19] or total breast cancer [20] [21] [22] [23] . The results are less consistent for post-menopausal breast cancer, with reduced risk 13, 16, 24, 25 , no association 14, 26, 27 or increased risk 28 observed with higher BMI at early adulthood (aged 18 to 20s). All these previous studies on post-menopausal breast cancer used BMI (or other body size measures for earlier studies) as a linear variable or categorized it by distribution or other arbitrary rules; none of them used WHO-defined weight status categories. When we examined the association between weight status at age 25 and incidence of breast cancer among post-menopausal women, we found that the linear form of BMI at age 25 was not adequate in our models, suggesting that the assumption of a linear relationship between BMI at age 25 and post-menopausal breast cancer risk may not be valid in certain populations. This may partly explain the inconsistencies in previous studies. We further found that those who were underweight at age 25 had a greatly decreased risk (almost half) of postmenopausal breast cancer compared to women of normal weight at age 25 after adjustment for weight change. This may be due to low estrogen levels in young women with insufficient body fat 29 . We do not want to overemphasize this observed "benefit" of being underweight at early adulthood since severe underweight or having an estrogen deficiency may lead to various health problems among young women 30 .
Current literature on adult weight gain and cancer incidence is mostly on breast cancer, and post-menopausal breast cancer is the only cancer type with adequate evidence supporting a probable increased risk associated with adult weight gain 1 . Our findings from both the incidence and mortality analyses confirmed this association.
We did not find a significant association between BMI in early adulthood and risk of colorectal cancer in women and men. This is consistent with the findings from the Nurses' Health study 31 , the Iowa Women's Health Study 32 , and a recent cohort study from Scotland 27 . However, three previous studies33-35 in men found that higher BMI at late adolescence or early adulthood was associated with increased risk of colon cancer. Our study, along with the previous studies, suggests that the association of body size in young adulthood and colorectal cancer risk is more complicated and may differ according to gender and site (colon or rectum). Future studies will be needed to elucidate this.
Endometrial cancer is one of the cancers with strong links to body fatness 1 . Previous studies showed no evidence of effect modification by menopause status 1 . BMI or weight as a young adult has been shown to be positively associated with risk of endometrial cancer in later life by both cohort 36, 37 and case-control [38] [39] [40] studies. Besides confirming the previous findings, our study further found that BMI in early adulthood and subsequent weight gain may be independent risk factors for endometrial cancer.
Our study was limited by relatively small sample sizes for the less common cancer types. Also, there was potential for recall error from the self-reported weight at age 25. This error was unlikely to be related to case status given the prospective design, but the resulting nondifferential misclassification may have attenuated the associations. We did not have information on tumor stage, grade and histology as well as receptor status for breast cancer, thus were not able to evaluate the association by subtypes for specific cancers.
In summary, our study provides evidence that BMI at age 25 may influence risk of cancer later in life in females independent of subsequent weight change, with the association being especially strong for endometrial cancer. Our study also showed that more weight gain from age 25 to later adulthood was associated with higher risk of post-menopausal breast cancer and endometrial cancer in females and higher risk of colorectal cancer in males independent of BMI at age 25. This study supports the importance of avoiding excess weight during young adulthood and weight gain through adulthood as they may independently contribute to increases in cancer risk in later life.
Brief description: Obesity later in adulthood, resulting from obesity at early adulthood and/or the subsequent weight gain, is associated with risks of many cancers. This study examined the cancer risks associated with BMI at early adulthood and subsequent weight change separately. We found that BMI at age 25 and the subsequent weight gain were independently associated with cancer risk in later life, supporting the importance of avoiding excess weight during young adulthood and weight gain through adulthood. 1 Model 1 was adjusted for race-center, age, education, height and smoking status at age 25. For post-menopausal breast, obesity-related and endometrial cancer, age at menarche (continuous) was further adjusted. Model 2 was adjusted for covariates at model 1, plus cigarette smoking status, alcohol consumption, physical activity at baseline. Age at menopause (<50, ≥50, missing) or menopause status at baseline was further adjusted for post-menopausal breast, obesity-related and endometrial cancer. Model 3 was adjusted for covariates at model 2, plus weight change percentage from age 25 to baseline.
2 HR for linear BMI at age 25 was noted as N/A if a linear association was not supported by comparing the nested models using likelihood ratio tests.
3
The baseline visit for post-menopausal breast cancer was the first visit at which the participant self-reported reaching menopause.
Table 3
Association between BMI at age 25 and cancer mortality with and without adjusting for weight change from age 25 2 HR for linear BMI at age 25 was noted as N/A if a linear association was not supported by comparing the nested models using likelihood ratio tests.
3
The baseline visit for post-menopausal breast cancer was the first visit at which the participant self-reported reaching menopause. 1 Model 1 was adjusted for race-center, age, education, height and smoking status at age 25, and cigarette smoking status, alcohol consumption and physical activity at baseline. For post-menopausal breast, obesity-related and endometrial cancer, age at menarche, age at menopause or menopause status at baseline was further adjusted. Model 2 was adjusted for covariates at model 1, plus BMI at age 25.
2 HR for linear percent weight change was noted as N/A if a linear association was not supported by comparing the nested models using likelihood ratio tests.
